Introduction
Ever since the introduction of high-brightness blue light-emitting diodes (LEDs), much effort has been put into the development of white LEDs (wLEDs). Progress in the field of lighting has come to the point at which wLEDs are now taking over the market due to their improved stability and efficiency in comparison with more traditional light sources such as incandescent or fluorescent lamps. [1] [2] [3] wLEDs can be based on the combination of three separate LED chips which emit blue, green and red light, respectively. However most wLEDs make use of at least one photoluminescent material, a phosphor, hence the name phosphorconverted LEDs (pc-LEDs). 4 Here, the combined emission from the blue LED chip and the phosphors yields white light. Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce) is often used in single-phosphor pc-LEDs because of the high stability and efficiency of this phosphor. 2, 5 However, without any additional phosphors, the obtained white light lacks in the green and red parts of the optical spectrum, hence leading to a high correlated color temperature (CCT) and a poor color rendering index (CRI) (CCT 4 6000 K, R a o 80). 6 Therefore, other phosphor materials are often used in a phosphor blend. By adding a red component, one can lower the color temperature of wLEDs yielding warm-white light. On the one hand, the red phosphor emission above 650 nm should be minimal, as the human eye sensitivity is very low in this wavelength region. On the other hand, especially for display applications, saturated red phosphors are preferred as these enlarge the color gamut of the display (e.g. BT. 2020 guidelines for UHD displays 7 ). Suitable new red phosphor materials should therefore show a saturated red emission below 650 nm. 8 Apart from the optical requirements, the stability of red phosphor materials should also be adressed. Degradation of phosphor materials can lead to color changes or lumen losses over time when the material is stressed by heat (with temperatures up to 200 1C in high brightness LEDs 9 ) or humidity from the environment. The study on the prevention of degradation becomes increasingly more important as the lifetime of current LEDs is expected to be at least 50.000 hours. In the past, sulfides and especially nitrides, e.g. (Sr,Ca)S:Eu 2+ , 10 12 have been commercially used as red phosphor materials.
However, drawbacks such as poor thermal quenching and hydrolysis of the sulfides and a too broad emission band for many nitride phosphors, led to research towards a new generation of saturated red-emitting phosphors which do not involve rareearth dopants. 8 These phosphors, using Mn 4+ as an activator 13 
Results and discussion
As previously mentioned, manganese can take on many valence states, the most common ones being 0, 2+, 3+, 4+ and 7+. This creates a challenge for the synthesis because Mn ions are sensitive to valence changes and in particular excessive reduction if the temperature and/or H 2 O 2 addition rate are insufficiently controlled. Moreover, in the following, it will be shown that parasitic species often exist after the synthesis of K 2 MnF 6 , potentially contaminating further phosphor synthesis steps and affecting both structural and luminescence properties of the final phosphor. While some impurities can be eliminated by a washing treatment, other impurities can remain present in K 2 MnF 6 , often without any trace in the X-ray diffraction pattern.
Even when purified, care should be taken as any additional reaction step might cause K Heating was performed under an inert N 2 atmosphere to prevent any moisture-induced degradation of K 2 MnF 6 . The RT ex situ XRD patterns of the pristine hexagonal and cubic phase after heating in N 2 are shown in Fig. 3 . The final cubic structure could be maintained when the sample was cooled to room temperature. However, after storage of the powder in air for 17 days, the cubic phase almost completely returned to the hexagonal structure indicating that the cubic phase is not stable over time at room temperature. Note that in Fig. 2 , a large thermal shift towards considerable smaller values for 2y is observed for all XRD peaks of the hexagonal K 2 MnF 6 when the temperature is increased, indicating a rather large thermal expansion of the lattice. Since K 2 MnF 6 is hexagonal below 400 1C, it can be expected that the positive thermal expansion of the lattice is anisotropic. The peak shifts can be related to the elongation of the lattice vectors a, b and c of the unit cell as the temperature is increased. Gaussian peak fitting of the (110) and (004) diffraction peaks at RT and 400 1C showed that the lattice has expanded in an anisotropic way with an estimated elongation of 2.1% along the c-axis, and only 1.6% along the a and b axes. Hence, anisotropic expansion might involve rotation of all [MnF 6 ] 2À octahedral complexes to ultimately align with the c-axis.
This positive thermal expansion is next followed by negative thermal expansion in the vicinity of phase transition (see the N 2 case in Fig. 2 Fig. 2 shows broadening of the peak at 2y = 431 instead of phase transition. Remarkably, the intensity of this peak increases above 300 1C while the other peaks tend to fade out above this temperature. This is explained by the formation of KMnF 3 (KFÁMnF 2 ) which also has a diffraction peak around 2y = 431. The structure of KMnF 3 (lower part of Fig. 1 ) is similar to the cubic phase of K 2 MnF 6 , the difference being the doubled number of coordination complexes within a cubic unit cell, which are corner-sharing in the case of KMnF 3 as a result of the reduction of Mn 4+ to Mn
2+
. In this way, a perovskite structure appears. Although more pronounced in air, thermal degradation is still present to some degree when N 2 is used, as can be verified in Fig. 3 . As will be clarified later on, increased thermal degradation in air is due to the hygroscopic nature of K 2 MnF 6 . Water vapour present in air can lead to hydrolysis of the [MnF 6 ] 2À complexes which in turn facilitates the reduction of Mn 4+ and hence the structural change. Probably, the formation of KMnF 3 is accompanied by the evaporation of HF as the fluorine content is lowered in KMnF 3 compared to K 2 MnF 6 . It is furthermore suspected that HF liberation can take place even at room temperature as a consequence of hydrolysis. This is evidenced by storing K 2 MnF 6 in a glass vial under air. The vial gets eroded over time while the powder at the glass interface turns dark brown in a period of days up to weeks, probably depending on the purity of the K 2 MnF 6 powder. We will elaborate on synthesis impurities in the next section. SEM-EDX measurements to investigate the brown discoloration showed the presence of Si and O as additional elements, indicating that they result from etching reactions at the glass interface. Nevertheless, the formed products could not be identified as a separate crystalline phase as the XRD pattern did not show any additional peaks next to K 2 MnF 6 .
Synthesis impurities
The excess KF that is used during synthesis ensures sufficient fluorination of Mn ions. Fluorination prevents excessive reduction towards Mn valences lower than 4+, which would be accompanied by the formation of oxygen containing or hydrated structures by interaction of Mn with H 2 O and H 2 O 2 in the synthesis solution as will be discussed later on. As can be seen in Fig. 4 , the end result after synthesis can contain several impurities after precipitation and drying. The main impurity proves to be KHF 2 , a corrosive salt that is often used as a glass etchant. The salt can result from the interaction of HF with KF in the synthesis solution:
Purification requires an additional washing treatment with HF before drying, in this way removing any residual KHF 2 . The importance of proper purification of K 2 MnF 6 should not be underestimated. Not only is the KHF 2 impurity a hazardous corrosive compound on its own, but elevated temperatures also lead to the decomposition and melting of the phase which is accompanied by the evaporation of HF. The corrosive behaviour of this impurity could explain the observed corrosion of K 2 MnF 6 powder stored in glass vials as was mentioned in the previous section. To investigate the effect of hydrolysis on samples containing K 2 MnF 6 and KHF 2 , two samples were heated in air from RT up to 600 1C, one of which was aged in a weathering chamber first (see Fig. 5 ).
The weathering conditions of the aged sample were 24 h at 85 1C/85% relative humidity (RH) followed by 48 h at 40 1C/40% RH. The XRD patterns of both samples before heat treatment can be found in Fig. 6 , showing that the amount of KHF 2 impurity before heating was larger in the aged sample. Despite the resulting intensity differences in the in situ XRD patterns of Fig. 5 , the global thermal behaviour of both samples can be considered as equal. When the powders are heated above 239 1C, the powders start to release HF because KHF 2 melts and decomposes into KF and HF at this temperature. Two relatively weak subsequent phase transitions occur after melting until crystalline KMnF 3 /KFÁMnF 2 , KF and MnF 2 are ultimately formed above 300 1C as can be verified in Fig. 5 . A comparison of Fig. 5 with Fig. 2 indicates that even small amounts of KHF 2 can drastically lower the decomposition temperature of K 2 MnF 6 . Note that two additional XRD peaks are present in the aged sample which are identified as KF resulting from the larger amount of KHF 2 melt in the aged sample and hydrolysis of KHF 2 during aging. In Fig. 4 , one can observe a second synthesis-related impurity next to KHF 2 . As was shown by Kasa et al., 36 uncontrolled reduction of Mn can lead to the formation of a pink precipitate. In some of the powders synthesized in this work, pink coloured particles were occasionally formed next to the yellow K 2 MnF 6 particles. The XRD analysis in Fig. 4 identified the pink phase as K 2 MnF 5 ÁH 2 O, in agreement with the work of Kasa et al. 36 The structure of K 2 MnF 5 ÁH 2 O is shown in Fig. 7 . Water molecules are incorporated in this crystalline structure; however the complexes are not attacked by the hydration process. Nevertheless, hydrate formation can impede further phosphor synthesis as Mn has been reduced to the 3+ valence state rather than the 4+ valence state.
Further phosphor synthesis: degradation in HF solution
Up to this point, we discussed the risk of impurity phase formation as a result of KF-HF interaction, hydrolysis and hydration during synthesis. 6 ) and hydrolysis of KHF 2 occurred during the ageing process.
Fig. 6
Ex situ XRD measurements at RT on a pristine and aged impure powder before and after heating under an inert atmosphere. The same behaviour is present in both samples. Two additional peaks are seen in the aged sample, indicated by the red asterisks. These are due to KF formation because of the high pristine amount and hydrolysis of KHF 2 in this sample. , the emission is blue-shifted by about 50 nm. 15 Hydrolysis reactions are thus a major challenge when synthesizing and using K 2 MnF 6 during fluoride phosphor synthesis. As with the H 2 O 2 addition rate in K 2 MnF 6 synthesis, the addition rate of the KF/K 2 MnF 6 /HF solution during the fluoride phosphor synthesis should also be fine-tuned to minimize these hydrolysis reactions that irreversibly reduce Mn 4+ to Mn 3+ and lead to hydrated structures. To verify whether the crystal water in KMnF 4 ÁH 2 O could be evaporated, KMnF 4 ÁH 2 O was heated in N 2 up to 600 1C and followed using in situ XRD (Fig. 10) . As can be seen, if the temperature is increased above 145 1C, the crystal water is evaporated from the hydrate, leaving KMnF 4 behind. KMnF 4 decomposes upon further heating into KMnF 3 with the loss of fluorine, probably through HF liberation. As will be cleared out in the following section, the reduction of Mn 4+ can cause parasitic optical absorption and might lower the efficiency of the final fluoride phosphor synthesized using the impure or degraded K 2 MnF 6 precursor.
Diffuse reflectance and X-ray absorption of K 2 MnF 6
The influence of Mn 3+ formation on the optical absorption behaviour of K 2 MnF 6 was investigated by diffuse reflectance measurements on MnF 2 , MnF 3 , (KMnF 4 ÁH 2 O/K 2 MnF 6 ), K 2 MnF 6 , (K 2 MnF 6 /K 2 MnF 5 ÁH 2 O/KHF 2 ) and aged K 2 MnF 6 . The parentheses indicate that the powder was a combination of multiple crystalline phases as was verified by XRD. For the aged sample, conditions of 60 1C and 50% RH were used. The complete diffuse reflectance spectra of the compounds are shown in Fig. 11a . Fig. 11b shows a more detailed part of the reflection patterns in the areas of interest. In MnF 2 , used as a Mn 2+ reference here, a smooth broad absorption band is seen which increases on going from larger to , the latter affecting the optical properties of the final phosphor materials. Apart from synthesis difficulties, care should also be taken in the storage of K 2 MnF 6 . The hygroscopic nature of K 2 MnF 6 shows that this compound is easily hydrolysed by water vapour in air, as could be seen by the large difference when air or N 2 is used as an annealing atmosphere. Likely, hydrolysis facilitates Mn 4+ to Mn 2+ reduction when the temperature is increased. The final 2+ valence state was detected in XRD as KMnF 3 /KFÁMnF 2 is formed at temperatures above 300 1C. Therefore, we consider hydrolysis reactions as the main factor impeding the structural stability of K 2 MnF 6 . The hygroscopic nature of K 2 MnF 6 in air and the tendency to form hydrated structures in solutions can severely influence the powder purity during use in the lab.
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